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Early Cretaceous rhyolitic tuffs, widely distributed on Port Island, provide insights into the volcanism and
tectonic setting of Hong Kong. In this paper we present petrological, geochronological and geochemical
data of the rhyolitic tuff to constrain the diagenesis age and petrogenesis of the rocks, tectonic setting
and early Cretaceous volcanism of Hong Kong. The ﬁrst geochronological data show that the zircons in
the volcanic rocks have U-Pb age of 141.1e139.5 Ma, which reveals that the rhyolitic tuff on Port Island
was formed in the early Cretaceous (K1). Geochemically, these acid rocks, which are enriched in large ion
lithophile elements (LILEs) and light rare earth elements (LREEs), and depleted in high ﬁeld strength
elements (HFSEs), belong to the high K calc-alkaline to shoshonite series with strongly-peraluminous
characteristic. The geochemical analyses suggest that the volcanic rocks were derived from deep
melting in the continental crust caused by basaltic magma underplating. Based on the geochemical
analysis and previous studies, we concluded that the rhyolitic tuffs on Port Island were formed in a back-
arc extension setting in response to the subduction of the Paleo-Paciﬁc Plate beneath the Eurasian Plate.
 2016, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
In the Mesozoic, extensive magmatism occurred along the
continental margin of southeastern China including present-day
Hong Kong (Sewell and Campbell, 1997; Sewell et al., 2000,
2012a; Liu et al., 2012a; Cui et al., 2013; Li et al., 2014). Approxi-
mately 85% of the Hong Kong region is covered by igneous rocks
formed from the middle Jurassic (J2) to early Cretaceous (K1)
(Sewell and Campbell, 1997; Shaw et al., 2010; Sewell et al., 2012a;
Li et al., 2014), and volcanic rocks alonemake up approximately 50%
of Hong Kong’s surface area (Campbell and Sewell, 1997;
Darbyshire and Sewell, 1997; Sewell et al., 2000; Shaw et al.,
2010). The study area in this paper, Port Island, located in the
northeastern New Territories of Hong Kong, has large quantities of
rhyolitic tuff cropped out on its west side. In the past two decades,
there has been a large amount of research on volcanic rocks on
mainland Hong Kong to better understand the petrogenesis of theof Geosciences (Beijing).
eijing) and Peking University. Produ
c-nd/4.0/).
et al., Geochemistry and zirc
dx.doi.org/10.1016/j.gsf.2016.0rocks and the magmatism evolution of Hong Kong (Campbell and
Sewell, 1997, 1998; Darbyshire and Sewell, 1997; Davis et al.,
1997; Sewell and Campbell, 1997; Sewell et al., 1998, 2012a;
Sewell, 1999, 2001; Campbell et al., 2007; Li et al., 2014). Howev-
er, there have been relatively few studies on volcanic rocks on the
isolated islands, for example Port Island. In previous studies, only
the lithologic features of the volcanic rocks on Port Island were
reported (Lai et al., 1996), and Tang et al. (2014) reported the
detrital zircon age of the overlying stratum, the Port Island For-
mation, to determine the age of the volcanic rocks. So far, there has
been no detailed analysis of the petrologic features, precise age or
whole-rock geochemistry features of these volcanic rocks.
This paper focuses on the rhyolitic tuff on Port Island. It is the
ﬁrst detailed report on the petrology and petrography of these
rocks. We examined the rhyolitic tuff using LA-MC-ICPMS zircon U-
Pb geochronology analysis in combination with whole rock
geochemistry analysis to explore the petrogenesis, tectonic setting
and volcanism evolutionary history. Our results provide not only
the ﬁrst zircon U-Pb age as evidence to precisely determine to
constrain the age of volcanic rocks on Port Island, but also new
research information for late Mesozoic volcanic activities and
Cretaceous strata in Hong Kong.ction and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
on U-Pb geochronology of Implications for early Cretaceous tectonic
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2.1. Regional geology
Southeast China is located at the junction of the Paciﬁc Plate and
the Eurasian Plate. It comprises two major crustal blocks: the
Yangtze Block in the north and the Cathaysia Block in the south
(Fig. 1a), collectively known as the South China Block (Hsü et al.,
1990; Jahn et al., 1990; Tang et al., 2014). During the late Meso-
zoic, extensive magmatism occurred in Southeast China, and the
violent and frequent magmatic activities had multi-stage and
multi-cycle characteristics (Wang and Du, 1990; Sewell and
Campbell, 1997; Sewell et al., 2012a; Zhou et al., 2012). From the
Jurassic to the Cretaceous, NWeWNW-ward subduction of the
Paleo-Paciﬁc Plate beneath the Eurasian Plate occurred, which
resulted in the Yanshanian magmatism culminating in voluminous
intermediate to silicic eruptions and the emplacement of numerous
granitoid plutons (Jahn et al., 1990; Zhou and Lao, 1990; Sewell and
Campbell, 1997; Yu et al., 2006; Zhou et al., 2006; Hu et al., 2012).
The Mesozoic igneous rocks formed a 400-km-wide belt of Meso-
zoic magmatic rocks exposed along the coastal region of southeast
China (Sewell and Campbell,1997; Sewell et al., 2012a) (Fig.1a). The
igneous rocks are progressively younger from the interior towards
the coast (Wang et al., 2000; Li et al., 2014), which is probably due
to the roll-back of the subduction Paleo-Paciﬁc Plate beneathFigure 1. (a) Regional tectonic map of southeast China and (b) simpliﬁed geological map of H
the distribution area of the Long Harbour Formation, and dated sample locations (after Dav
2014).
Please cite this article in press as: Zhao, L., et al., Geochemistry and zirc
setting, Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.gsf.2016.0southeast China (Zhou and Li, 2000; Zhou et al., 2006; Li and Li,
2007; Li et al., 2012).
2.2. Hong Kong geology
Hong Kong is located in the Cathaysia Block, at the southwestern
extremity of the Lianhuashan Fault Zone, which is one of the
dominant structural features of Southeast China (Wang et al., 2015)
(Fig. 1a). In Guangdong Province, the Lianhuashan Fault Zone is up
to 30 km wide and has NNE- and E-trending faults (Bureau of
Geology and Mineral Resources of Guangdong Province (1988).
Mesozoic magmatism was also extensive in Hong Kong. From the
middle Jurassic (J2) to the early Cretaceous (K1), there were four
main discrete episodes of magmatism in Hong Kong: 164e160,
148e146, 144e142 and 141 Ma, constrained by 45 high-precision
U-Pb single crystal zircon ages (Campbell and Sewell, 1997; Davis
et al., 1997; Sewell et al., 2000, 2012a,b; Campbell et al., 2007; Li
et al., 2014) (Fig. 1b) and approximately 1000 whole-rock
geochemical analyses (Sewell and Campbell, 1997). In general,
these four magmatism episodes of igneous rocks shifted from
northwest to southeast; the younging direction towards the
southeast is consistent with that along the coast of Southeast China.
Corresponding to the four episodes are four volcanic groups and
coeval granitoid suites (Sewell et al., 2012a,b; Tang et al., 2014)
(Table 1). The volcanic rocks include dacitic to rhyolitic ignimbritesong Kong showing the distribution of middle Jurassic to early Cretaceous igneous rocks,
is et al., 1997; Sewell et al., 2000; Campbell et al., 2007; Sewell et al., 2012a; Li et al.,
on U-Pb geochronology of Implications for early Cretaceous tectonic
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Table 1
Summary of U-Pb ages of igneous rocks in Hong Kong (after Sewell et al., 2012a).
Volcanic rocks Granitoid rocks
Group Formation U-Pb age (Ma) Suite Intrusion U-Pb age (Ma)
Kau Sai Chau volcanic group Lion rock suite
High Island 140.9  0.2a ‘Granitic’ subsuite
Clear Water Bay 140.7  0.2a Mount Butler Granite
140.9  0.2c Kowloon Granite 140.4  0.2a
Undifferentiated 142.7  0.2b Fan Lau Granite
Pan Long Wan 141.2  0.3c Sok Kwu Wan Granite 140.6  0.3c
‘Monzonitic’ subsuite
Tei Tong Tsui Quartz Monzonite
Tong Fuk Quartz Monzonite 140.4  0.3a
D’Aguilar Quartz Monzonite 140.6  0.3c
Unconformity
Repulse bay volcanic group Cheung Chau suite
‘Rhyolitic’ subgroup Luk Keng Quartz Monzonite
Mount Davis 142.8  0.2b Chi Ma Wan Granite <143.7  0.3a
143.0  0.2c Shui Chuen O Granite 144.0  0.3c
Long Harbour 142.7  0.2a
142.8  0.2a
141.1 ± 1.3e
139.5 ± 1.1e
‘Trachytic’ subgroup
Mang Kung Uk 142.9  0.2c
Che Kwu Shan 142.5  0.3a
Ap Lei Chau 142.7  0.2a
Ngo Mei Chau <142.7  0.1c
Unconformity
Lantau volcanic group Kwai Chung suite
Lai Chi Chong 146.6  0.2b Sha Tin Granite 146.4  0.1c
Undifferentiated 146.6  0.2a 146.2  0.2a
Undifferentiated 147.5  0.2b East Lantau Rhyolite 146.3  0.3a
146.4  0.2c
East Lantau Rhyodacite 146.5  0.2a
Needle Hill Granite 146.4  0.2a
Sham Chung Rhyolite 146.6  0.2b
Po Toi Granite 146.4  0.2c
Shan Tei Tong Rhyodacite 147.3  0.2c
South Lamma Granite 148.1  0.2c
Hok Tsui Rhyolite 151.9  0.2c
Unconformity
Tsuen Wan volcanic group Lamma suite
‘A-Type’ subsuite
Tai Lam Granite 159.3  0.3a
Tsing Shan Granite <159.6  0.5a
Sai Lau Kong 164.1  0.3c Chek Lap Kok Granite 160.4  0.3a
Tai Mo Shan <164.5  0.7a Chek Mun Rhyolite 160.8  0.2c
Shing Mun 164.2  0.3b ‘I-Type’ subsuite
164.7  0.3b Lantau Granite 161.5  0.2a
Yim Tin Tsai 164.5  0.2a Tai Po Granodiorite <164.6  0.2a
Tuen Mun 163.4  0.9d
aU-Pb ages from Davis et al. (1997); bU-Pb ages from Campbell et al. (2007); cU-Pb ages from Sewell et al. (2012a); dU-Pb ages from Li et al. (2014); eThis paper, shown in bold.
L. Zhao et al. / Geoscience Frontiers xxx (2016) 1e17 3and lavas with intercalated tuffaceous sedimentary units. The
intrusive rocks are granodiorite, granite, quartz monzonite and
minor dykes of various compositions (Sewell and Campbell, 1997;
Sewell et al., 2000, 2012a; Tang et al., 2014). The volcanic and
plutonic rocks are considered to be largely co-genetic and to
represent ancient caldera-type large-scale silicic magmatic systems
(Campbell and Sewell, 1997; Tang et al., 2014).1 RGVB is the acronym for Repulse Bay Volcanic Group; it will be used from here
on.3. Sampling and analytical methods
3.1. Sampling and petrographic features
There are two strata on Port Island: the lower Cretaceous (K1)
Long Harbour Formation of rhyolitic crystal welded tuff, distributed
on the west side of Port Island, and its overlying stratum, the upper
Cretaceous (K2) Port Island Formation, which consists of well-
bedded and cross-bedded reddish-brown conglomerate andPlease cite this article in press as: Zhao, L., et al., Geochemistry and zirc
setting, Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.gsf.2016.0sandstone with siltstone, distributed on the east side of the island
(Lai et al., 1996; Sewell et al., 2000) (Fig. 2a). The Long Harbour
Formation on Port Island is considered to belong to the Repulse Bay
Volcanic Group (RBVG1), which corresponds to the third episode
magmatism of Hong Kong (Fig. 1b; Table 1) (Davis et al., 1997;
Sewell et al., 2000, 2012a).
We collected six volcanic rock samples from the Long Harbour
Formation on Port Island, which were located in the west (CZ1),
north (CZ2-CZ5) and south (CZ6) margins of the volcanic rock
distribution area (Fig. 2). The thin-section photomicrographs of
these samples (Fig. 3) show that the main lithology of these vol-
canic rocks are rhyolitic breccia-bearing crystal welded tuff, rhyo-
litic crystal welded tuff and rhyolitic tuff (Fig. 3; Table 2). Allon U-Pb geochronology of Implications for early Cretaceous tectonic
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Figure 2. Simpliﬁed structural map of Port Island showing (a) the rocks and strata, sampling locations and dated ages for this study (after Geotechnical Engineering Ofﬁce, 1992),
and (b) the stratigraphic section of the northern island.
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L. Zhao et al. / Geoscience Frontiers xxx (2016) 1e17 5samples were collected from fresh, unaltered or weakly altered
rocks, which had all their weathered surfaces removed and almost
had no exotic lithic fragments. These samples basically represent
their original magma composition and ensure the precision of the
analysis.
Samples CZ2 and CZ6 were chosen for zircon U-Pb isotope
chronology analysis, and whole-rock geochemistry analysis was
conducted on all six samples (CZ1eCZ6), including major elements,
trace elements and rare earth elements (REEs).Figure 3. Field photos and thin-section photomicrographs (plane-polarized light) of sampl
Qtz: Quartz; Kfs: K-feldspar; Pl: Plagioclase; Bt: Biotite.
Please cite this article in press as: Zhao, L., et al., Geochemistry and zirc
setting, Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.gsf.2016.03.2. Analytical methods
3.2.1. Zircon U-Pb dating
Zircon grain separation was performed in the laboratory of the
Regional Geology Minerals Investigation Research Institute, in
Hebei Province, China. The coarse samples were washed and
crushed. Then zircon grains were separated by standard magnetic
and heavy liquid methods and hand-picked under a binocular mi-
croscope. Zircon grains that were clean, transparent, relativelyes; CZ1, CZ2 and CZ4, Rhyolitic breccia-bearing crystal welded tuff; CZ6, Rhyolitic tuff;
on U-Pb geochronology of Implications for early Cretaceous tectonic
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Table 2
Locations and descriptions of the rhyolitic tuff samples on Port Island.
Sample no. Lat./Long. Lithology and ﬁeld, petrographic description Zircon descriptiona
CZ1 2229059.2800N,
11421019.7600E
Rhyolitic breccia-bearing crystal welded tuff, greyish white to
light grey, with massive structure and porphyritic texture in ﬁeld
(Fig. 3a). In the thin-section photomicrograph, the sample has a
breccia-bearing welded tuff texture with crystal, lithic and plastic
vitric fragments, mainly tuff (<2 mm), and minor volcanic breccia
(>2 mm). The vitric fragment comprises K-feldspar, plagioclase,
quartz (>5%) and biotite illusion (Fig. 3b).
CZ2 2230016.2500N,
11421038.0600E
Rhyolitic breccia-bearing crystal welded tuff. The weathered
surface is greyish yellow or pale pink; the fresh surface is dark
grey. It has a massive structure and contains rhyolite clinker with
ﬂuidal texture (Fig. 3c). In the thin-section photomicrograph, this
sample has the same composition and texture as that of CZ1
(Fig. 3d).
Abundance of fresh
euhedral-subhedral
prismatic or short
prismatic zircon.
CZ3 2230016.2200N,
11421038.3300E
Rhyolitic crystal welded tuff. The ﬁeld and petrographic
description are similar to that of CZ2, but this sample has a
welded tuff texture.
CZ4 2230016.3000N,
11421039.0900E
Rhyolitic breccia-bearing crystal welded tuff. It has a massive
structure with a pale or greyish purple-red weathered surface and
a purple-red fresh surface (Fig. 3e). In the thin section
photomicrograph, the sample is composed of crystal, lithic and
plastic vitric fragments, mainly tuff (<2 mm), and minor volcanic
breccia (>2 mm), with a breccia-bearing welded tuff texture. Its
vitric fragments comprise plagioclase, K-feldspar, quartz (5e10%)
and biotite illusion (Fig. 3f).
CZ5 2230016.2700N,
11421039.3900E
Rhyolitic breccia-bearing crystal welded tuff. Its ﬁeld and petrography
description are similar to that of CZ4, except that its vitric fragments
comprise feldspar illusion, quartz (>5%) and biotite illusion.
Abundance of fresh
euhedral-subhedral
prismatic zircon.
CZ6 2229048.300 0N,
11421030.770 0E
Rhyolitic tuff. It has a missive structure and porphyritic texture,
with a grey or pale grey weathered surface and a purple-red fresh
surface (Fig. 3g). In the thin-section photomicrograph, the main
composition of this sample is terrigenous detrital and pyroclasts,
composed of crystal, lithic and plastic vitric fragments, with a tuffaceous
texture. Its crystal fragment comprises quartz, biotite and feldspar
illusion (Fig. 3h), and its lithic fragments are cloddy, containing a
lot of tuff and few lapilli (<5%), as well as tuff, rhyolite, siliceous
altered rock, and so on.
a Only samples on which U-Pb dating was conducted are described.
L. Zhao et al. / Geoscience Frontiers xxx (2016) 1e176euhedral crystals without cracks or inclusions were mounted in
epoxy blocks, polished to obtain an even surface, and cleaned in an
acid bath. The transmitted and reﬂected light images of the zircon
grains were documented. The analytical positions of zircon grains
for isotopic analyses were based on cathode luminescence (CL)Figure 4. (a) CL image, testing spot locations, spot age
Please cite this article in press as: Zhao, L., et al., Geochemistry and zirc
setting, Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.gsf.2016.0images (Figs. 4a and 5a), which can show the internal texture,
morphology and surface cracks of the zircon grains.
LA-MC-ICPMS (Laser Ablation Multi-Collector Inductively
Coupled Plasma Mass Spectrometer) zircon U-Pb isotopic dating
was performed at the Tianjin Institute of Geology and Minerals and (b) U-Pb concordia diagram of sample CZ2.
on U-Pb geochronology of Implications for early Cretaceous tectonic
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Figure 5. (a) CL image, testing spot locations, spot ages and (b) U-Pb concordia diagram of sample CZ6.
L. Zhao et al. / Geoscience Frontiers xxx (2016) 1e17 7Resources, China Geological Survey. The analytical instruments
used were the Finnigan Neptune-Type MC-ICP-MS and the New
Wave 193 nm Laser Denudation System. For zircon U-Pb dating,
zircon GJ-1 (Jackson et al., 2004) was used as the external standard.
The U, Pb and Th contents were corrected using NIST610 as the
external standard and 208Pb was used to correct common Pb ac-
cording to Andersson’s method (Andersson et al., 2002). In the
process of isotopic measurement, two zircon GJ-1 samples were
repeatedly measured before and after eight testing spots were
analysed to correct the measurement results of the samples.
Analysis was performed only on zircon grains without observable
fractures or ﬂuid inclusions. The spot diameter was 32 mm for all
analyses. Detailed instrumentation and analytical accuracy
description are similar to those described by Liu et al. (2008) and
Shen et al. (2012).
The ICPMsDataCal (Liu et al., 2010) program was adopted for
ICP-MS data post processing. The zircon age and concordia dia-
gram were obtained using the Isoplot 3.0 (Ludwig, 2003) program.
The errors involved in individual spots are all equal to 1s, and the
weighted mean 206Pb/238U ages have a 95% conﬁdence coefﬁcient.
For the details of the zircon U-Pb isotopic age analytical method
and procedures, refer to Gao et al. (2002) and Wang et al.
(2012a,b).
3.2.2. Whole-rock geochemistry analysis
The whole-rock geochemical composition test was also ana-
lysed in the laboratory of the Regional Geology Minerals Inves-
tigation Research Institute, in Hebei Province, China. The
analytical instrument used for the major elements was a PAN
analytical Axios X-ray ﬂuorescence spectrometer (XRF, Thermo
Arl Advant XPþ). The analysis used international standard sam-
ples GSP22 and JG22 and national standard GBW02103 within
working conditions of 50 mA and 50 kV. The analysis precision
was estimated to be 0.5% to 1% for most major element oxides.
For the detailed analytical method and procedure, refer to Liu
et al. (2004, 2005, and 2012b) and Yang et al. (2012). Trace el-
ements and REEs were analysed with a high resolution induc-
tively coupled plasma mass spectrometer (ICP-MS) using
international standard samples GSR-1 and GSR-9. For detailed
analytical methods and procedures, refer to Zhang et al. (2011,
2012a) and Wang et al. (2012b). ICP-MS analyses for trace ele-
ments have accuracy better than 5%.Please cite this article in press as: Zhao, L., et al., Geochemistry and zirc
setting, Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.gsf.2016.04. Analytical results
4.1. Zircon U-Pb ages
Zircon is relatively abundant in samples CZ2 and CZ6. The zircon
grains are euhedral or subhedral. Most of them are long prismatic,
and a small number of them are short prismatic and occasionally
tabular. They generally range up to 100e300 mm in length and
50e150 mm in width. The length/width ratios range from 1 to 3. In
CL images, the zircon interior show planar growth and typical
magmatogenic oscillatory zoning (Figs. 4a and 5a).
Twenty-four spot analyses of CZ2 and 22 of CZ6 were performed
under a 30 mm diameter laser, and all of the positions were marked
on the CL images (Figs. 4a and 5a). The corrected analytical results
are listed in Table 3. The uranium content of the zircon is
167e876 ppm and the thorium content 25e442 ppm, yielding Th/U
ratios of 0.32 to 1.07 (only one Th/U ratio lower than 0.4 in each
sample). Hidaka et al. (2002) and Wu and Zheng (2004) noticed
that the Th/U ratios of magmatogenic zircon grains were normally
higher than 0.4. These features are consistent with the magmatic
origin of zircon, meaning that the zircon grains are magmatogenic
(Liu et al., 2013; Yuan et al., 2014).
The data from the spot analysis of both samples were spread
along the concordia line (Figs. 4b and 5b). All CZ2 data fall within a
narrow group (206Pb/238U age: 134  1 to 145  1 Ma) and yield a
weighted mean 206Pb/238U age of 139.5  1.1 Ma (95% conﬁdence,
MSWD ¼ 3.7) (Fig. 4; Table 3). All CZ6 data fall within a narrow
group (206Pb/238U age: 136 1 to 145 1 Ma) and yield a weighted
mean 206Pb/238U age of 141.1  1.3 Ma (95% conﬁdence,
MSWD ¼ 4.5) (Fig. 5; Table 3). Therefore, the rhyolitic tuffs of the
Long Harbour Formation on Port Island were formed about
139.5e141.1 Ma, which represents their crystallization age, indi-
cating that they are products of late Yanshanian magmatism. Ac-
cording to the new time scale (Cohen et al., 2013) with the
JurassiceCretaceous boundary at 145 Ma, the rhyolitic tuffs on Port
Island should be lower Cretaceous (K1) strata.
4.2. Geochemical characteristics
4.2.1. Major elements
The analytical results of the major elements are listed in
Table 4. Almost all the samples had a loss of ignition (LOI) of lesson U-Pb geochronology of Implications for early Cretaceous tectonic
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Table 3
LA-MC-ICPMS zircon U-Pb data of samples CZ2 and CZ6.
Sample and spot No. Isotopic content (ppm) Isotopic ratio Age (Ma)
Pb Th U Th/U 2207Pb/206Pb 1s 207Pb/235U 1s 206Pb/238U 1s 207Pb/206Pb 1s 2207Pb/235U 1s 206Pb/238U 1s
CZ2-1 8.79 204.40 378.76 0.54 0.0497 0.0015 0.1528 0.0047 0.0223 0.0002 179 70 144 4 142 1
CZ2-2 9.46 324.51 380.62 0.85 0.0490 0.0014 0.1494 0.0045 0.0221 0.0002 147 69 141 4 141 1
CZ2-3 19.80 369.89 876.20 0.42 0.0501 0.0008 0.1539 0.0026 0.0223 0.0002 199 36 145 2 142 1
CZ2-4 9.75 244.93 417.85 0.59 0.0492 0.0014 0.1511 0.0045 0.0222 0.0002 160 69 143 4 142 1
CZ2-5 6.41 159.23 273.05 0.58 0.0490 0.0018 0.1507 0.0058 0.0223 0.0002 150 88 143 5 142 1
CZ2-6 8.15 311.39 328.01 0.95 0.0494 0.0018 0.1498 0.0057 0.0220 0.0002 168 87 142 5 140 1
CZ2-7 3.90 119.64 167.43 0.71 0.0489 0.0042 0.1492 0.0129 0.0221 0.0002 145 201 141 12 141 1
CZ2-8 7.83 319.93 320.77 1.00 0.0501 0.0021 0.1504 0.0065 0.0218 0.0002 198 99 142 6 139 1
CZ2-9 6.02 252.29 249.73 1.01 0.0498 0.0021 0.1487 0.0064 0.0217 0.0002 185 99 141 6 138 1
CZ2-10 5.71 188.93 247.39 0.76 0.0495 0.0027 0.1469 0.0082 0.0215 0.0002 171 129 139 8 137 1
CZ2-11 5.83 192.16 255.78 0.75 0.0486 0.0024 0.1446 0.0073 0.0216 0.0002 131 118 137 7 138 1
CZ2-12 6.21 194.18 284.25 0.68 0.0505 0.0023 0.1464 0.0069 0.0210 0.0002 218 106 139 7 134 1
CZ2-13 5.29 183.83 227.64 0.81 0.0507 0.0040 0.1479 0.0116 0.0212 0.0002 227 182 140 11 135 1
CZ2-14 9.13 318.99 404.99 0.79 0.0499 0.0014 0.1476 0.0045 0.0215 0.0002 190 68 140 4 137 1
CZ2-15 11.46 274.61 512.20 0.54 0.0496 0.0014 0.1502 0.0047 0.0220 0.0002 175 68 142 4 140 1
CZ2-16 6.31 97.21 306.74 0.32 0.0503 0.0019 0.1476 0.0056 0.0213 0.0002 208 87 140 5 136 1
CZ2-17 7.12 229.01 313.81 0.73 0.0493 0.0017 0.1468 0.0053 0.0216 0.0002 161 82 139 5 138 1
CZ2-18 6.01 267.53 250.46 1.07 0.0501 0.0031 0.1490 0.0094 0.0216 0.0002 198 143 141 9 138 1
CZ2-19 11.08 309.91 493.50 0.63 0.0496 0.0012 0.1500 0.0039 0.0219 0.0002 175 59 142 4 140 1
CZ2-20 7.73 251.95 330.32 0.76 0.0496 0.0029 0.1503 0.0089 0.0220 0.0002 178 136 142 8 140 1
CZ2-21 5.29 146.19 223.94 0.65 0.0494 0.0025 0.1551 0.0080 0.0228 0.0002 169 119 146 8 145 1
CZ2-22 6.91 282.35 281.64 1.00 0.0496 0.0024 0.1519 0.0073 0.0222 0.0002 178 112 144 7 142 1
CZ2-23 9.48 214.97 415.14 0.52 0.0492 0.0015 0.1504 0.0047 0.0222 0.0002 157 72 142 4 141 1
CZ2-24 6.22 157.02 265.21 0.59 0.0496 0.0021 0.1518 0.0066 0.0222 0.0002 176 99 143 6 142 1
CZ6-1 4.22 116.77 176.87 0.66 0.0502 0.0033 0.1519 0.0099 0.0220 0.0002 204 151 144 9 140 1
CZ6-2 14.37 442.11 591.05 0.75 0.0487 0.0011 0.1509 0.0036 0.0225 0.0002 133 55 143 3 143 1
CZ6-3 5.40 119.94 227.75 0.53 0.0487 0.0022 0.1528 0.0070 0.0227 0.0002 135 108 144 7 145 1
CZ6-4 8.81 266.34 356.39 0.75 0.0484 0.0016 0.1500 0.0051 0.0225 0.0002 117 79 142 5 143 1
CZ6-5 6.57 150.22 282.67 0.53 0.0492 0.0023 0.1512 0.0072 0.0223 0.0002 156 108 143 7 142 1
CZ6-6 6.53 169.12 278.21 0.61 0.0493 0.0020 0.1525 0.0062 0.0224 0.0002 162 94 144 6 143 1
CZ6-7 6.97 165.08 300.78 0.55 0.0498 0.0019 0.1531 0.0059 0.0223 0.0002 186 87 145 6 142 1
CZ6-8 4.12 123.45 169.39 0.73 0.0495 0.0035 0.1541 0.0108 0.0226 0.0002 170 163 145 10 144 1
CZ6-9 11.18 293.05 474.05 0.62 0.0494 0.0013 0.1542 0.0044 0.0227 0.0002 166 64 146 4 144 1
CZ6-10 9.91 305.73 411.01 0.74 0.0502 0.0017 0.1532 0.0053 0.0221 0.0002 203 77 145 5 141 1
CZ6-11 9.00 232.87 402.64 0.58 0.0500 0.0014 0.1500 0.0045 0.0217 0.0002 197 67 142 4 139 1
CZ6-12 5.78 181.78 238.26 0.76 0.0498 0.0028 0.1513 0.0089 0.0220 0.0002 186 131 143 8 141 1
CZ6-13 9.43 402.81 382.55 1.05 0.0509 0.0016 0.1516 0.0049 0.0216 0.0002 237 73 143 5 138 1
CZ6-14 10.65 304.72 457.39 0.67 0.0490 0.0014 0.1476 0.0045 0.0218 0.0002 147 69 140 4 139 1
CZ6-15 7.04 297.90 289.71 1.03 0.0496 0.0021 0.1459 0.0063 0.0213 0.0002 178 98 138 6 136 1
CZ6-16 6.06 187.86 264.16 0.71 0.0490 0.0021 0.1457 0.0064 0.0216 0.0002 149 99 138 6 137 1
CZ6-17 7.75 115.48 364.41 0.32 0.0491 0.0015 0.1466 0.0045 0.0217 0.0002 150 71 139 4 138 1
CZ6-18 9.16 300.57 398.34 0.75 0.0483 0.0016 0.1424 0.0047 0.0214 0.0002 116 76 135 4 136 1
CZ6-19 7.45 270.46 294.62 0.92 0.0486 0.0020 0.1511 0.0063 0.0225 0.0002 130 96 143 6 144 1
CZ6-20 8.12 24.65 392.54 0.63 0.0497 0.0014 0.1538 0.0047 0.0225 0.0002 179 67 145 4 143 1
CZ6-21 5.20 141.46 216.80 0.65 0.0488 0.0029 0.1514 0.0092 0.0225 0.0002 137 137 143 9 143 1
CZ6-22 5.58 159.09 221.23 0.72 0.0485 0.0029 0.1520 0.0096 0.0227 0.0002 122 143 144 9 145 1
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volcanic rocks recommended by the International Union of
Geological Sciences (IUGS) (Le Bas et al., 1986; Le Maitre et al.,
1989), the volcanic rocks of the Long Harbour Formation on Port
Island are classiﬁed as trachyte or trachydacite, dacite, rhyodacite
and rhyolite; this is in accordance with the classiﬁcation of the
coeval volcanic rocks in Hong Kong (Fig. 6a). All the samples from
the study area are acid volcanic rocks. The CIPW norm mineral
calculation method (Cross et al., 1902) show the percentages of Q
normative mineral (quartz) of all six samples to be higher than
20%. The samples can be further divided into trachydacite (3),
dacite (1), rhyodacite (1) and rhyolite (1). In Fig. 6a, all the sam-
ples are plotted below the Irvine boundary, which means that all
the rhyolitic tuffs belong to the subalkaline series (Irvine and
Barager, 1971). Rittman indexes (d ¼ (K2O þ Na2O)2/(SiO2e43))
of the samples range from 0.74 to 3.24, and all the indexes are
lower than 3.3, suggesting calc-alkaline characteristics, which is
consistent with the TAS diagram.
The SiO2 and K2O content indicates the calc-alkaline volcanic
rocks can be divided into low-K, medium-K, high-K and shoshonitePlease cite this article in press as: Zhao, L., et al., Geochemistry and zirc
setting, Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.gsf.2016.0series (Peccerillo and Taylor, 1976; Le Maitre et al., 1989). In the
K2OeSiO2 diagram, ﬁve samples were plotted in the shoshonite
series ﬁeld and one sample was plotted in the high-K calc-alkaline
series ﬁeld. These characteristics also can be observed on other
volcanic rocks of ca. 143 and 140 Ma from Hong Kong (Fig. 6b).
The rhyolitic tuffs on Port Island are characterized by high SiO2
content ranging from 63.36 to 70.23 wt.%, with an average value of
67.04 wt.%, high Al2O3 (15.10e16.06 wt.%, average 15.65 wt.%), and
low TiO2 (0.53e0.63 wt.%, average 0.56 wt.%). The samples have
FeOt (total iron) from 4.09 to 4.83 wt.%, MnO from 0.032 to
0.079 wt.%, CaO from 0.12 to 2.14 wt.%, MgO from 0.69 to 1.26 wt.%,
and P2O5 from 0.11 to 0.21 wt.%. The Na2O þ K2O contents range
from 4.48 to 8.12 wt.% (average 6.76 wt.%) (Table 4), suggesting that
the rocks are rich in alkali, and their K2O/Na2O ratios range be-
tween 1.40 and 43.77 (average 20.89), suggesting that the rocks are
relatively rich in K. All samples are considered peraluminous
because of their A/CNK (molar ratio, 1.07e3.07). In general, the
rhyolitic tuff in the study area showed characteristics of high K, Si,
Al and alkali, and low Ti, and belong to the high K calc-alkaline to
shoshonite series.on U-Pb geochronology of Implications for early Cretaceous tectonic
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Table 4
Major (wt.%), trace and rare earth (ppm) element contents of samples.
Samples
Elements CZ1 CZ2 CZ3 CZ4 CZ5 CZ6
SiO2 63.36 65.70 65.81 68.26 68.88 70.23
Al2O3 15.58 15.10 15.59 16.06 15.80 15.79
TiO2 0.63 0.56 0.53 0.58 0.53 0.54
Fe2O3 1.49 1.73 2.11 4.61 3.86 4.18
FeO 3.01 2.38 1.98 0.22 0.85 0.26
CaO 2.14 1.98 1.68 0.28 0.26 0.12
MgO 1.22 1.19 1.26 0.69 0.71 0.75
K2O 5.05 5.06 4.75 5.89 5.51 4.36
Na2O 3.07 3.08 3.39 0.13 0.14 0.12
MnO 0.079 0.068 0.072 0.032 0.062 0.041
P2O5 0.22 0.19 0.19 0.18 0.16 0.11
LOI 2.83 2.68 2.19 2.86 2.99 3.32
Total 99.68 99.73 99.77 99.79 99.84 99.82
A/CNK 1.08 1.07 1.13 2.25 2.36 3.07
K2O/Na2O 1.65 1.64 1.40 43.77 40.51 36.37
Rittman Index (d) 3.24 2.92 2.90 1.44 1.23 0.74
Li 43.27 40.71 44.61 18.44 18.13 34.67
Be 1.97 2.24 2.63 2.38 2.52 2.75
Sc 10.97 9.49 9.94 9.63 8.36 8.91
Cr 15.48 14.71 16.43 15.87 6.11 16.00
Co 7.38 5.94 6.23 6.42 6.02 7.96
Ni 1.63 1.32 1.27 1.52 1.51 1.82
Rb 139.50 151.10 146.70 204.90 196.50 181.00
Sr 368.70 248.30 301.80 58.69 47.03 60.94
Zr 277.49 258.40 236.00 262.39 234.40 265.82
Nb 16.03 15.38 14.98 15.72 12.66 19.08
K 20,954.05 20,984.75 19,686.71 24,419.64 22,856.56 18,073.13
P 468.45 412.55 407.80 396.68 339.69 245.49
Ti 2993.44 2655.63 2522.25 2776.73 2536.51 2570.62
Ba 1206.00 1015.00 1221.08 779.60 770.08 671.10
Hf 8.22 8.23 7.97 8.12 8.02 8.93
Ta 0.89 0.95 0.98 1.02 0.87 1.19
Pb 17.73 14.83 16.83 15.99 20.18 22.27
Th 12.59 15.81 17.70 16.18 15.57 18.91
U 2.49 3.27 3.64 1.65 1.68 2.39
La 49.80 47.28 67.19 53.93 53.85 56.56
Ce 101.37 96.82 122.20 100.98 96.73 116.59
Pr 12.69 11.37 14.35 12.32 11.83 13.49
Nd 46.48 41.10 52.70 43.79 42.98 47.52
Sm 8.50 7.33 9.86 7.29 7.85 8.69
Eu 1.68 1.40 1.85 1.33 1.43 1.70
Gd 7.44 6.62 8.29 6.23 6.66 7.63
Tb 1.19 1.05 1.27 0.92 1.02 1.19
Dy 6.42 5.49 7.22 4.86 5.78 6.23
Ho 1.22 1.02 1.36 0.93 1.07 1.12
Er 3.48 3.12 4.05 2.79 3.26 3.31
Tm 0.54 0.50 0.65 0.43 0.53 0.50
Yb 3.72 3.29 3.71 2.91 3.11 3.46
Lu 0.57 0.49 0.60 0.45 0.52 0.50
Y 31.07 27.06 37.99 24.16 31.74 29.53
SLREE 220.51 205.29 268.14 219.63 214.66 244.56
SHREE 24.58 21.58 27.14 19.52 21.95 23.93
SLREE/SHREE 8.97 9.51 9.88 11.25 9.78 10.22
La/Sm 5.86 6.45 6.82 7.40 6.86 6.51
Nb/Ta 17.91 16.14 15.25 15.40 14.61 16.09
Ybn 17.80 15.76 17.77 13.91 14.88 16.53
(La/Yb)n 9.03 9.68 12.20 12.51 11.67 11.04
(La/Sm)n 3.69 4.06 4.29 4.66 4.32 4.09
(Gd/Yb)n 1.61 1.62 1.80 1.73 1.73 1.78
dEu 0.63 0.60 0.61 0.59 0.59 0.63
dCe 0.95 0.98 0.90 0.91 0.88 0.98
L. Zhao et al. / Geoscience Frontiers xxx (2016) 1e17 94.2.2. Rare earth elements (REEs)
The analytical results and relevant parameters of REEs are given
in Table 4. All samples have high SREE contents, ranging from
226.88 to 295.29 ppm, with an average of 251.92 ppm. In the
chondrite normalized REE distributions patterns (Boynton, 1984),
all the samples show slightly to right form, and they all have typical
fractionated and strong enrichment of light rare earth elementsPlease cite this article in press as: Zhao, L., et al., Geochemistry and zirc
setting, Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.gsf.2016.0(LREEs) and a relatively weak fractionated ﬂat pattern of heavy rare
earth elements (HREEs). The average SLREE/SHREE is 9.94, the
average (La/Yb)n is 11.02, the average (La/Sm)n is 4.18, and the
average (Gd/Yb)n is 1.71 (Fig. 7). All of the samples show a signiﬁ-
cant negative Eu anomaly (dEu ¼ 0.59e0.64, average 0.61) (Fig. 7),
with a “V” shape in REE distributions patterns. Since plagioclase is
the only mineral which is believed to produce signiﬁcant Euon U-Pb geochronology of Implications for early Cretaceous tectonic
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Figure 6. Diagrams of (a) TAS (Irvine and Barager, 1971; Le Bas et al., 1986; Le Maitre et al., 1989) and (b) K2OeSiO2 (Peccerillo and Taylor, 1976; Le Maitre et al., 1989) of rhyolitic tuff
from the Long Harbour Formation on Port Island. Data from Sewell and Campbell (1997) on volcanic rocks of ca. 140 and 143 Ma from Hong Kong are also shown.
Figure 7. Chondrite normalized REE patterns (Boynton, 1984) of rhyolitic tuff from the Long Harbour Formation on Port Island. Data from Sewell and Campbell (1997) on igneous
rocks of ca. 140 Ma and 143 Ma from Hong Kong are also shown, and they show the same REE distribution patterns with those of the rhyolitic tuff on Port Island.
L. Zhao et al. / Geoscience Frontiers xxx (2016) 1e1710anomalies in rock (Nagasawa and Schnetzler, 1971; Li et al., 2013), it
can be inferred that crystal fractionation of plagioclase was
important in the genesis of these rhyolitic tuffs.
4.2.3. Trace elements
The analytical results of trace elements and relevant parameters
of the samples are given in Table 4. In the primitive mantle
normalized trace elements spider diagram, the samples show
enrichment in large ion lithophile elements (LILEs) (e.g. Rb, Th, K
and Pb) and strong depletion in high ﬁeld strength elements
(HFSEs) (e.g. Nb, Ta, Ti and P). Slightly negative Ba anomalies and
remarkable depletion of Sr anomalies can be observed (Fig. 8),
showing similar distribution patterns to volcanic arc rocks (Sivell
and Waterhouse, 1988; Li, 1992; Martin, 1999).
5. Discussion
5.1. Geochronology signiﬁcance of the rhyolitic tuff
The analysed samples add new U-Pb ages to the already sub-
stantial existing age dataset arising from previous stratigraphical,Please cite this article in press as: Zhao, L., et al., Geochemistry and zirc
setting, Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.gsf.2016.0geochronological and geochemical studies on the volcanic and
plutonic rocks of Hong Kong (Campbell and Sewell, 1997; Davis
et al., 1997; Sewell et al., 2000; Campbell et al., 2007). The U-Pb
dating ages for late Mesozoic igneous rocks in Hong Kong are
summarized in Table 1.
On the 1:20,000 scale geological map of the Kat O Chau (Sheet 4)
and its accompanying memoir Geology of the Northeastern New
Territories (No. 5), published by the Geotechnical Engineering Ofﬁce
(GEO), the volcanic rocks on Port Island, according to their petro-
logic features, were assigned to the Long Harbour Formation, which
was a part of the RBVG, which at that time was thought to be late
Jurassic (J3) to early Cretaceous (K1) (GEO, 1992; Lai et al., 1996;
Davis et al., 1997). The Long Harbour Formation crops out in two
areas of the eastern New Territories: Long Harbour and Sai Kung
(Sewell et al., 2000). Davis et al. (1997) reported U-Pb single crystal
zircon ages of 142.8  0.2 Ma and 142.7  0.2 Ma for coarse ash
crystal tuff in the Long Harbour Formation from Long Harbour and
Sai Kung, respectively (Fig. 1b). Tang et al. (2014) published detrital
zircon ages for the sedimentary rocks which unconformably overlie
the volcanic rocks on Port Island; they found that these rocks are
dominated by 143 Ma zircons, suggesting that they derive fromon U-Pb geochronology of Implications for early Cretaceous tectonic
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Figure 8. Primitive mantle normalized trace elements spider diagram (Sun and McDonough, 1989) of rhyolitic tuff from the Long Harbour Formation on Port Island. Data from
Sewell and Campbell (1997) on igneous rocks of ca. 140 Ma and 143 Ma from Hong Kong are also shown, and they show the same distribution patterns with those of the rhyolitic tuff
on Port Island.
L. Zhao et al. / Geoscience Frontiers xxx (2016) 1e17 11erosion of the underlying Long Harbour Formation. The detrital
zircon age is often older than its original age, so, the yielded ages of
139.5  1.1 Ma and 141.1  1.3 Ma in this study are reliable. This
study not only added two new U-Pb ages to the Long Harbour
Formation, but also directly conﬁrmed the precise age of the vol-
canic rocks on Port Island, which previously correlated on the basis
of stratigraphic correlation and petrologic characteristics.
As mentioned above, the Mesozoic igneous rocks in Hong Kong
are generally divided into four main episodes, from the middle
Jurassic (J2) to early Cretaceous (K1): 164e160 Ma, 148e146 Ma,
144e142 Ma and 141 Ma, constrained by 44 High-precision U-Pb
single crystal zircon ages (Campbell and Sewell, 1997; Davis et al.,
1997; Sewell et al., 2000, 2012a,b; Campbell et al., 2007). The
Long Harbour Formation was assigned to the third episode, the
RGVB (Table 1). However, according to the yielded ages of this study
alone, the volcanic rocks on Port Island might be assigned to the
fourth volcanism episode. Sewell et al. (2012b) listed the general
petrologic characteristics of the early Cretaceous (141 Ma and
143 Ma) volcanic rocks (Table 5). According to Table 5, in combi-
nation with the petrologic features of the samples described in
Section 3, the rhyolitic tuff on Port Island should be part of the
RBVG, the third episode of volcanism. Sewell et al. (2012a) reported
an age of 151.9  0.2 Ma, which was not included in the four epi-
sodes, and concluded that the magmatism in Hong Kong was likely
to have been more continuous than previously thought. Conse-
quently, we had reason to infer that the early Cretaceous volcanism
in Hong Kong was likely to have been more continuous, as Sewell
et al. (2012a) proposed.Table 5
General petrologic characteristics of Early Cretaceous volcanic rocks of Hong Kong (after
Repulse bay volcanic group (143 Ma)
Rhyolitic subgroup Trachytic subgroup
Colour Light grey to pinkish grey Pale grey to bluish grey
Texture Coarse ash crystal tuff Crystal-bearing ﬁne ash vitric t
Composition Dacite to rhyolite (66e75 wt.% SiO2) Trachydacite to high-silica
rhyolite (63e77 wt.% SiO2)
Phenocrysts Albite, oligoclase, microperthite,
quartz, biotite (ca. 50%)
Quartz, oligoclase, albite,
microperthite (ca. 20%)
Lithics Lava, tuff and rare granite Rare
Glass/pumice Rare Common
Fabric Massive to crudely bedded Non-welded to welded
Please cite this article in press as: Zhao, L., et al., Geochemistry and zirc
setting, Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.gsf.2016.0The age of the rhyolitic tuff in the Long Harbour Formation on
Port Island provides important information for correlating the
Cretaceous strata in Hong Kong. Strange et al. (1990) suggested that
the Long Harbour Formation was the youngest stratigraphic unit in
the RBVG in the Sai Kung area. Lai et al. (1996) proposed that U-Pb
dating of the Long Harbour Formation and of other formations to
the south of the northeastern New Territories indicated that it
probably predated most of the formations in the RBVG. Li (1997)
concluded that the age of the RBVG was 140.8  0.2 to
146.7  0.2 Ma by U-Pb dating, placing it in the late Jurassic (J3) to
early and middle early Cretaceous (K1). Based on the obtained U-Pb
ages of the rhyolitic tuff from the Long Harbour Formation in this
study, we speculate that the Long Harbour Formation may be the
youngest stratigraphic unit in the RBVG; this feature also can be
observed in Table 1.
5.2. Petrogenesis of the rhyolitic tuff
The origin of the late Mesozoic igneous rocks in Southeast China
has long been a controversial topic. Li (2000) argued that litho-
spheric extension and asthenosphere upwelling led to extensive
Cretaceous magmatism. Zhou and Li (2000) proposed that the
lithosphere subduction and underplating of maﬁc magmas induced
by the subduction of the Paleo-Paciﬁc Plate were the two principal
driving mechanisms for the Yanshanian granitic magmatism in
southeast China. However, Zhang et al. (2009) held the view that it
was the super mantle plume activity that led to the Mesozoic
extensive magmatism rather than subduction. Presently, it is theSewell et al., 2000, 2012b).
Kau Sai Chau volcanic group (141 Ma)
Clear water bay ‘Lavas and tuffs’ High island tuff
Bluish grey to black Pinkish grey
uff Porphyritic lava and ﬁne
ash vitric tuff
Crystal-bearing ﬁne ash vitric tuff
Rachydacite to high-silica
rhyolite (64e77 wt.% SiO2)
High-silica rhyolite (>75 wt.% SiO2)
Albite, sanidine, microperthite,
orthoclase, quartz (<8%)
Quartz, oligoclase, orthoclase, perthite,
sanidine and biotite (ca. 20%)
Rare Rare
Common Rare
Flow-banded and densely welded Non-welded to densely welded
on U-Pb geochronology of Implications for early Cretaceous tectonic
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L. Zhao et al. / Geoscience Frontiers xxx (2016) 1e1712dominant view that the subduction of the Paleo-Paciﬁc Plate
beneath the Eurasian Plate was the main driving force for the
magmatism. So what was the origin and petrogenesis of the
rhyolitic tuff in the study area?
There are twomain views on the origin of the acid volcanic rocks
in Southeast China: (1) that they originated from the continental
crust, or (2) that they derived from basaltic magma through dif-
ferentiation evolution, or assimilation and fractional crystallization
(AFC) (Lapierre et al., 1997; Xing et al., 1999). The acid volcanic rocks
in the study area are high-K calc-alkaline to shoshonite series rocks,
rich in potassium and silicon. Potash-rich volcanic rock is a unique
igneous rock association, which shows both crust and mantle
geochemical features, so crustal materials must have contributed to
the formation of these rocks (Qiu et al., 2003). This means that the
acid magma cannot be the product of single basic magmas. There
are two causes of high siliceous magma: one is the deep melting of
the continental crust, and the other is the fractional crystallization
of maﬁc-andesite. Late Mesozoic basic-intermediate volcanic rocks
(basalt and andesite) are sporadically exposed in southeast China,
making up less than 10% of all the volcanic rocks in the region (Zhou
et al., 2012). In Hong Kong, the volcanic rocks are mainly rhyolitic
tuffs and lavas, with little andesite exposed (Sewell et al., 2000).
Therefore, it is unlikely that the magma of the volcanic rocks in the
study area is the product of andesite fractional crystallization.
Consequently, we initially hypothesize that the magma of the vol-
canic rocks in the study area was formed from continental deep
melting. The typical product of deep melting of the continental
crust is a large volume of high silicon igneous rock (Huppert and
Sparks, 1988; Chen et al., 2006).
In the chondrite normalized REE distribution pattern diagram
and primitive mantle normalized trace elements spider diagram ofFigure 9. Petrogenesis model illustration of the rhyolitic tuff on Po
Please cite this article in press as: Zhao, L., et al., Geochemistry and zirc
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Usually, Eu is enriched in plagioclase; P is enriched in apatite; and
Sr is enriched in plagioclase and apatite. We can therefore conclude
that during the magma generation of the samples, plagioclase and
apatite may have been in the residual phase. The fact that the
positive Pb anomaly and the negative P anomaly of rhyolitic tuff on
Port Island are very strong suggests that the crust may have been
the origin of the magma (Zhou et al., 2012). The A/CNK ratios
(1.07e3.07, average 1.83) of the rhyolitic tuff in the study area show
peraluminous characteristics, suggesting that the lithogenous ma-
terial of these rocks was derived mainly from the crust, since the
acid magma formed from the partial melting of the upper crust is
characterized by the ratio of A/CNK> 1 (Zhou et al., 2012). The Nb/
Ta ratios of the samples range from 14.61 to 17.91, which are far
lower than the mantle average value (60.00) and close to the crust
average value (10.00) measured by Li (1976), suggesting that the
rhyolitic tuffs were the products of crust melting. In addition, the
rhyolitic tuffs in study area show depletion of Ba, Ti, P, Nb, Zr and Ta,
which is similar to what is seen in continental crustal remelting
granite. Also, the enrichment of LREEs and depletion of HREEs in
the distribution pattern show characteristics of crustal material
partial melting (Li and Zhou, 2001). Overall, the systematic varia-
tions in major, rare earth and trace elements of the rhyolitic tuffs on
Port Island imply that they were generated from the continental
crust.
Consequently, given the geochemical features of the volcanic
rocks on Port Island, we propose that the acid rhyolitic tuffs in study
area are the result of continental crust deepmelting. Yu et al. (2001)
studied the Nd isotopic systematics of late Mesozoic volcanic rocks
in southeastern Zhejiang Province and concluded that the volcanic
rocks were the product of lower crust partial melting. By studyingrt Island (after Tatsumi and Eggins, 1995; Zhou and Li, 2000).
on U-Pb geochronology of Implications for early Cretaceous tectonic
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Figure 10. (La/Nb)e(Ba/Nb) diagram of the volcanic rocks on Port Island (after Jahn
et al., 1999).
L. Zhao et al. / Geoscience Frontiers xxx (2016) 1e17 13the geochemical characteristics of late Mesozoic acid volcanic rocks
in Southeast China, Zhou et al. (2012) proposed that the lower crust
deep melting was likely connected with the underplating of
extensive basalt magma. The subduction of the Paleo-Paciﬁc PlateFigure 11. (a) (Yb þ Ta)eRb, (b) (Y þ Nb)eRb, (c) YbeTa and (d) YeNb tectonic discriminatio
arc granites; WPG, within-plate granites; S-COLG, syn-collisional granites; ORG, oceanic rid
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and produced a large amount of basaltic magma. The basaltic
magma ascended and underplated at the base of the lower crust.
This process provided the necessary heat to cause partial melting of
the lower crust, and the generation of voluminous granitic magma.
The granitic magma ascended along the weak zone of the crust and
erupted to the surface, forming the rhyolitic tuff in the study area
(Fig. 9).
5.3. Tectonic signiﬁcance
Widespread Yanshanian igneous rocks in Hong Kong form
part of the giant late Mesozoic igneous province in southeast
China. The tectonic background and geodynamic environment of
the late Mesozoic igneous rocks in Southeast China has long been
a prominent topic in geological study (Wang and Du, 1990; Shu
and Wang, 2006; Xu, 2008; Mao et al., 2009, 2014; Shu, 2012;
Zhang et al., 2012b; Wang et al., 2013). In recent decades,
scholars at home and abroad have conducted many detailed
studies in the ﬁelds of geology, petrology, geochronology and
geochemistry, providing important information for the study of
the petrogenesis of the igneous rocks and tectonic setting in
southeast China.
During the early Yanshanian (J2eJ3), there were large-scale
overthrust faulting and folding in Southeast China (Guo, 1998),
indicating a compressive regime in the region (Li and Zhou, 2001; Li
et al., 2009). During the late Yanshanian (J3eK1), the magmatism in
southeast China was characterized by huge NNE-trending volcanic
belts with maﬁc and felsic dike swarms, A-type alkaline andn diagrams of the volcanic rocks on Port Island (after Pearce et al., 1984). VAG, volcanic
ge granites; A-ORG, abnormal oceanic ridge granites.
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complex. These show that the magmatism in the late Yanshanian
had characteristics of continental margin magmatic arc systems,
indicating an extensional tectonic regime (Sun and Zhou, 2002;
Zhou et al., 2006; Li et al., 2009).
After carrying out a large amount of research into the lithological
association, rock series and geochemistry of the igneous rocks in
southeast China, scholars found that regarding rock composition, the
volcanic-pluton complexes in southeast China were different from
both the Japanese islandarc type at the east Asian continentalmargin
and the South America Andes active continental margin type in the
eastern Paciﬁc.Wang andDu (1990) called them the ZhejiangeFujian
active continentalmargin type, belonging to the back-arc continental
margin. Regarding the tectonic setting, Shu et al. (2004) thought
southeastChinawas inanextensionalperiodduring the interval from
the late Jurassic to the early Cretaceous, and that volcanic faulted-
depression basins developed. After performing basin analyses, Shu
et al. (2009) proposed that southeast China was in an intra-
continental crustal thinning setting in the lateMesozoic, belonging to
the back-arc extension area. Zhou et al. (2012) concluded that
southeastChinawas inanextensional continental rift environment in
theMesozoic.Wang andShu (2012) held the view that duringmiddle
Jurassicelate Cretaceous, widespread basin and range tectonics and
associated magmatism represented a back-arc extensional tectonic
setting in Southeast China as a result of Paciﬁc Plate subduction.
Zhanget al. (2013) andZhenget al. (2013) took the attitude that in the
Mesozoic, Southeast China experienced intra-continental reworking,
in addition to the Andes type active continental margin. Mao et al.
(2014) suggested that in 145e124 Ma, Southeast China was under
an intra-continental tectonic system and tectonic regime, trans-
formed from compression to extension, accompanying with conti-
nental lithosphere thinning. Though different scholars hold different
views, the subduction of Paleo-Paciﬁc Plate beneath the Eurasian
Plate as the main driving force is widely acknowledged.
The rhyolitic tuffs in study area show strong LILEs and LREEs
enrichments and HFSEs depletion, with signiﬁcant negative Nb-Ta-
Ti anomalies, indicating a subduction-related environment (Li,
1992; Guo et al., 2001; Zhou et al., 2006; Li et al., 2013). These
volcanic rocks exhibit arc-like geochemical signatures (Zheng et al.,
2013), which are similar to those found in active continental mar-
gins (Sewell and Campbell, 1997; Shen et al., 2000; Xu and Xie,Figure 12. (a) Hfe(Rb/10)e(Ta  3) and (b) Hfe(Rb/30)e(Ta  3) tectonic discrimination di
granites; WPG, within-plate granites; ORG, oceanic ridge granites; COLG, collisional grani
collisional granites.
Please cite this article in press as: Zhao, L., et al., Geochemistry and zirc
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primitive mantle normalized spider diagram of volcanic rocks in
the study area, obvious negative anomalies of Nb, P and Ti can be
observed (Fig. 8), showing distribution patterns similar to those of
volcanic arc rocks (Sivell and Waterhouse, 1988). In the (La/
Nb)e(Ba/Nb) diagram (Fig. 10) (Jahn et al., 1999), the volcanic rocks
on Port Island plot in the ﬁeld of arc volcanic rocks, which is close to
the ﬁelds of clastic sediments and continental crust. All samples
plot in the ﬁeld of VAG in (Y þ Nb)eRb and YbeTa discrimination
diagrams (Fig. 11b,c) (Pearce et al., 1984), but in the (Yb þ Ta)eRb
and YeNb diagrams (Fig. 11a,d) (Pearce et al., 1984) the samples
plot in the VAG and S-COLG area. In the Hfe(Rb/10)e(Ta  3) and
Hfe(Rb/30)e(Ta  3) tectonic discrimination diagrams (Fig. 12a,b)
(Harris et al., 1986), the samples from Port Island plot in the ﬁeld of
VAG. In Fig. 12b, we can observe that the samples are far from the
ﬁeld of S-COLG. In summary, based on the geochemical character-
istics and the tectonic discrimination diagrams, we can prelimi-
narily conclude that the volcanic rocks on Port Island were formed
in a volcanic arc setting.
Most of the island arc calc-alkaline rocks are medium K calc-
alkaline series, few are high K calc-alkaline to shoshonite series
(Lu et al., 2002). High K calc-alkaline to shoshonite series volcanic
rocks are the typical rock association of mature island arc (Deng
et al., 2004), as well as the typical product of continental margin
arc (Wilson, 1989). Floyd et al. (1992) proposed that a continental
margin arc can be approximately regarded as a mature island arc or
a higher stage. Volcanic rocks in the study area are of high K calc-
alkaline to shoshonite composition, exhibiting active continental
margin arc features. However, no Andes type continental arc
andesite of Mesozoic age has been identiﬁed in the study area, in
Hong Kong, or in the whole coastal region of southeast China (Xue
et al., 1996; Zheng et al., 2013). All these features suggest that the
study area is neither island arc nor Andes active continental
margin.We initially speculate that the study areamay be in an early
Cretaceous back-arc continental margin setting.
Sewell et al. (1992) used tectonic discrimination diagrams to
propose a change over time for the granitoids from a compressional
to an extensional tectonic environment. Sewell and Campbell
(1997) suggested that in the middle Jurassic to early Cretaceous
period, the overall tectonic setting in Hong Kong changed from
mature continental arc to back-arc by studying geochemicalagrams of the volcanic rocks on Port Island (after Harris et al., 1986). VAG, volcanic arc
tes; S-COLG, syn-collisional granites; L-COLG, late-collisional granites; P-COLG, post-
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(1997) demonstrated that the ENE- and NW-trending faults had a
strong inﬂuence on the middle Jurassic to early Cretaceous volca-
nism of Hong Kong and inferred that the regional tectonic stress
ﬁeld changed from an active margin dominated by subduction to a
back-arc regime dominated by crustal attenuation.
Based on the geochemical and tectonic discrimination analyses,
combined with the results of previous studies on igneous rocks,
faulted-depression basins, and tectonic evolution in southeast
China and Hong Kong, we conclude that the early Cretaceous
rhyolitic tuffs on Port Island were formed in a back-arc extension
setting in response to the subduction of the Paleo-Paciﬁc Plate
beneath the Eurasian Plate.
Currently, it is universally acknowledged that Southeast China
experienced a tectonic system transition from compression to
extension in the late Mesozoic (Sewell et al., 1992; Darbyshire and
Sewell, 1997; Zhou and Li, 2000; Yu et al., 2006; Li and Li, 2007; Li
et al., 2009; Liu et al., 2012a; Xu et al., 2014); however, the time
when the transition started and ended is still controversial. Tao
(1991) suggested that the transition occurred at 126 Ma based on
the continental volcanic belt in Southeast China. Xing et al. (2008)
proposed that the tectonic regime transition ended in
149.8e142.3 Ma. Li et al. (2009) held the view that the transition
time was in 150e143 Ma. Sewell et al. (2012a) concluded that the
extensional tectonics onset time of Hong Kong may have been
148 Ma. Li et al. (2013) argued the transition time was constrained
to 140 Ma, based on the study of granites in Southeast China. The
volcanic rocks in the study area were formed in a back-arc exten-
sion setting with zircon U-Pb age of 141.1e139.5 Ma, which means
that Southeast China was in an extension setting in at least 141 Ma.
This paper provides new data to constrain the transition time of the
late Mesozoic tectonic system in southeast China; that is, the tec-
tonic regime began to transform from compression to extension no
later than 141 Ma.
6. Conclusions
(1) The rhyolitic tuff from Long Harbour Formation on Port Island,
which is enriched in large ion lithophile elements (LILEs) and
light rare earth elements (LREEs), and depleted in high ﬁeld
strength elements (HFSEs), belongs to the high K calc-alkaline
to shoshonite series with strongly-peraluminous
characteristics.
(2) The ﬁrst precise zircon U-Pb age of rhyolitic tuff on Port Island
is about 141.1e139.5 Ma, indicating that these volcanic rocks
were formed in the early Cretaceous (K1). The Long Harbour
Formation may be the youngest stratigraphic unit in the RGVB.
The early Cretaceous volcanism in Hong Kong may be more
continuous than previously thought.
(3) The acid rhyolitic tuffs in the study area were derived from
deep melting in the continental crust. The subduction of the
Paleo-Paciﬁc Plate beneath the Eurasian Plate and the basaltic
magma underplating at the base of the lower crust were the
main driving forces for the acid volcanic rocks on Port Island.
(4) The early Cretaceous rhyolitic tuffs on Port Island were formed
in a back-arc extension setting in response to the subduction of
the Paleo-Paciﬁc Plate beneath the Eurasian Plate. The tectonic
regime of Southeast China transformed from compressional to
extensional no later than 141 Ma.
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